Abstract-This paper sets forth a design paradigm for a permanent magnet synchronous machine (PMSM) architecture that employs rotational asymmetry to obtain an improved constant power speed range performance and increased torque density. A population-based multiobjective optimization design approach is used to design the new machine topology and compare it to a conventional symmetrical surface mounted PMSM. Results obtained demonstrate that improved performance is attainable with the asymmetrical design. Validation of the results is carried out by means of three-dimensional finite element analyses.
In [7] an investigation on the effects of saliency in SM-PMSM on CPSR operation was conducted. Therein, an inset SM-PMSM was designed for a wide CPSR application and compared to a conventional SM-PMSM designed under similar design specifications and constraints. For the conditions of the study at least, it was concluded that rotor saliency had negligible effect on improving performance.
Another technique is to modify the machine geometry to create a rotationally asymmetrical machine structure. In simple terms, the asymmetry is introduced such that it takes advantage of the spatial circumfential variation of the air-gap magnetomotive force (MMF) to increase the torque density output in one rotational direction while reducing this capability in the other. In many applications such as wind energy generation and some hybrid electric vehicle traction motors, asymmetric torque production is acceptable.
In [8] , the analysis and design of an asymmetric reluctance machine was conducted, wherein the rotor was tapered using a function based on the rated air gap MMF. It was shown that significant increase in torque density production is achieved. A rotationally asymmetric IM-PMSM was set forth in [9] , wherein it was shown that the asymmetric design reduces torque ripple and extends the machine speed range.
In [10] , an analysis of a synchronous machine equipped with a hybrid rotor was conducted. The two part rotor consists of a reluctance part and a surface mounted PM part both placed on the same shaft. Using a normalized system of equations, and assuming linear, lossless, harmonic-free system, it was shown that displacing the reluctance axis by the correct amount can reduce machine cost.
In this paper, a design optimization strategy for an asymmetric salient PMSM (AS-PMSM) is presented. The asymmetry is introduced by shifting the permanent magnet axis with respect to the reluctance axis. Unlike [10] , the proposed machine structure is for a PMSM with a single rotor and stator. Interest on this work is motivated by the investigation conducted in [11] . Therein, the effect of positioning the permanent magnet axis relative to the reluctance axis on the performance of PMSMs was studied. It was shown that the asymmetric design has the potential to increase efficiency and reduce overall cost.
To study the proposed machine structure, a multi-objective based design approach is utilized. The core of this is the magnetic analysis, which could be achieved through analytical methods (AMs), magnetic equivalent circuits (MECs), or finiteelement analysis (FEA). Typically, nonlinear 3D FEA is the most accurate, MEC the next most accurate, and the AM is the least accurate. In terms of computational efficiency, the ranking would be reversed.
The importance of the computational efficiency is problem dependent, and is driven by (i) the number of degrees of freedom, and (ii) the number of operating points being considered. Consider a multi-objective design optimization problem with 20 degrees of freedom, 3 operating points, and with each operating point requiring 20 magnetic analyses to capture slotting effects. Using, for example, a genetic algorithm (GA) with 3000 generations and a population size of 3000 and assuming 50% of the population needs to be evaluated at every generation would require ∼ 4.5·10 6 fitness evaluations. Each fitness evaluation in turn requires 3 × 20 = 60 magnetic analyses. Thus a total of 2.7·10 8 magnetic analyses are required. This demonstrates the need for computational expediency.
Examples of FEA-based optimization approach are found in [12] and [13] . In [12] , a design of an inner rotor flux-modulated PMSM has been conducted. With 1 operating point, 15 constraints, and 22 designs parameters, the GA based optimization (which used 2500 generations and a population size of 2000) required 150 hours using a 120 core computer. In [13] , differential evolution optimization algorithm was applied to the design of a 30 kW SM-PMSM. The design space was composed of 6 machine geometrical parameters and the number of generations and population in each generation set at 50 and 85, respectively. With 10 000 cores, the optimization took roughly 25 hours to complete 50 generations. In both papers, a 2-D FEA model was adopted which results in a loss of accuracy from end effects. These effects can be readily included in analytic methods [7] , [8] , [14] .
In this work an analytical based magnetic analysis is used to compare the AS-PMSM to a conventional SM-PMSM designed for identical conditions and using an identical analysis strategy and assumptions. The use of an identical methodology prevents a difference in methodology from biasing the comparison. In addition, rather than a point comparison, the machine architectures are compared in terms of the Pareto-optimal fronts between competing objectives of material cost and loss. It is shown that for the target specifications, the AS-PMSM is significantly less expensive than a SM-PMSM of the same loss.
The organization of this paper is as follows. In Section II the AS-PMSM architecture and analysis are considered. Since most of the analysis is similar to what is described in [14] , only sections that are relevant to the AS-PMSM architecture are included. In Section III, the formulation of a multi-objective design optimization of the AS-PMSM is presented. Section IV considers a design study of a 1.86 kW AS-PMSM. Section V presents the results of the design study and validation of the AS-PMSM model via 3-D FEA. Section VI concludes the work.
II. MACHINE STRUCTURE AND ANALYSIS
The design model analysis of the AS-PMSM is very similar to the design model of SM-PMSM presented in [14] . For conciseness, only those aspects of the design model AS-PMSM different from [14] are described herein. These areas are highlighted in Fig. 1 , which shows the major areas considered in the AS-PMSM design model, along with a brief description of some of the tasks associated with each block. The highlighted areas are described next.
A. Geometrical Analysis
The cross section of the proposed machine structure is shown in Fig. 2 . It is similar to a conventional SM-PMSM except for the rotor teeth that are placed on one side of each magnet. The rotor teeth have the effect of creating asymmetrical saliency, which motivates the term AS-PMSM.
The mechanical rotor position θ rm is measured relative to the a-phase magnetic axis labeled 'as-axis' and shown in Fig. 2 , and is positive in the counter-clockwise direction. Two spatial angles that are useful for the analysis are the spatial angular position with respect to the a-phase axis φ sm and the spatial position with respect to the rotor q-axis denoted position φ rm . The relation between θ rm , φ sm and φ rm is given as
A developed diagram of a rotor pole is shown in Fig. 3 . The counter-clock wise direction maps into a right-to-left movement in the developed diagram. The d-axis is positioned at the center of the magnet while the q-axis is π/P radians ahead of the daxis. The q-axis is taken as the reference point for the spatial position angle φ rm . The rotor shaft radius is denoted by r rs The sum of the rotor back iron radius, the magnet depth and magnet-stator air gap, defines the radius to the stator region r st . A rotor tooth is situated to the left of the PM with its maximum depth denoted d rt and the minimum air gap between it and the stator region denoted by g rt . As seen, the architecture includes the possibility of applying a linear taper to the tooth by means of fraction α tap . This was motivated by the results in [8] , where it was shown that improvements are obtained in torque density of synchronous reluctance machines by tapering the rotor. Note that the maximum depth of the rotor tooth can be set greater than, equal to, or less than the depth of the permanent magnet.
The span of the permanent magnet and rotor teeth are denoted by θ pm and θ rt , while the span of remaining space that may be filled with inert material is denoted by θ in . Denoting the span sum of a rotor pole by θ p which is given by
where P is the number of magnetic poles, the span of the permanent magnet, rotor tooth and inert region may be expressed
In (3)- (5) α pm and α rt are fractions that control the PM and rotor tooth span, respectively. Dotted vertical lines in Fig. 3 mark spatial transition points in the magnetic structure. These transition points are φ pt1,i , φ pt2,i , φ pt3,i , and φ pt4,i where subscript i defines the magnetic pole number. The function r rg (φ rm ) is used to define the outer boundary of the rotor tooth and permanent magnet as 
where
Similarly, the air gap function g v (φ rm ) is defined as
The analysis needs to consider only one magnetic pole and is applied at θ rm = 0. With this in mind, the first transition point for pole number 1, φ pt1,1 , can be shown to be equal to
The minimum air gap between the rotor tooth and the stator region is set using a target air gap parameter g * rt by
Equation (10) ensures that the depth of the rotor tooth is greater than or equal to zero.
The remaining geometrical analysis is similar to what is presented in [14] .
B. Ferromagnetic Field Analysis
An analytical radial field analysis is applied to calculate the flux density in the air gap of the machine. A number of assumptions are made. First, the MMF drop across the machine's steel is neglected except in the stator and rotor teeth. Second, the flux density in the permanent magnet and air gap is assumed to be radial. Third, linear magnetic properties are assumed in the rotor teeth with a fixed magnetic susceptibility. Fourth, the flux spanning a stator tooth pitch converges/diverges completely into/out of the teeth as shown in Fig. 4 . Fifth, a uniform flux density is assumed in the stator teeth. Finally, temperature effects are neglected.
Neglecting the MMF drop across the back iron, except at the stator tooth, the stator MMF can be calculated by applying Ampere's law to the path of integration shown in Fig. 2 , which relates the stator MMF to the MMF drop across the air gap, permanent magnet and rotor and stator teeth. This is expressed as
where H(r, φ sm ) is the field intensity as a function of radius and spatial angular position between r rb ≤ r ≤ r st , H t (φ sm ) is the field intensity in the stator teeth and d tb is the depth of the stator tooth base. The first term on the RHS accounts for the MMF drop across the permanent magnet-rotor tooth region, the second term gives the MMF drop across the air gap while the third term is the MMF drop across the stator teeth. Attention will be focused on the third term since the procedure to evaluate the first two terms on the RHS and F s (θ rm , φ sm ) has been described in [14] . As shown in Fig. 4 , Φ st is the air gap flux in the region of a tooth and Φ t is the flux flowing through that stator tooth. By Gauss' law
Assuming a uniform flux density in the stator tooth, (11) motivates the approximation
where w tb is the stator tooth base width, S s is the number of stator slots and B t (φ sm ) is the stator tooth flux density, which can also be expressed as
where μ B (·) is the anhysteretic steel permeability as a function of the flux density [15] . Herein, observe that the field quantities are represented as continuous functions of angular position. In this analytical field solution, the discrete tooth/slot nature of the machine is not represented in detail; rather a continuous approximation to the spatially discrete structure is formulated. Following the procedure set forth in [14] , and using expressions (13) and (14), (11) can be evaluated to
In (16) and (17), B m (φ rm ) and μ rm (φ rm ) are the residual flux density and relative incremental permeability belonging to the magnet, rotor tooth, and vacuum/inert material regions shown in Fig. 3 . These quantities are constant within each region. The air gap vector in (18) is multiplied by Carter's coefficient, c s , to account for stator slotting effects. Carter's coefficient may be calculated as shown in [14] .
A Newton-Raphson iteration process is used to solve for the air gap flux density at the stator tooth tip, B st (φ sm ) in (15) . The flux density between r rb ≤ r ≤ r st and 0 ≤ φ sm ≤ 2π is then found using
From the radial flux density given by (20) the flux density and waveforms in the stator teeth and back iron are found using the procedure set forth in [14] . It should be noted that the waveforms are not sinusoidal. From the flux density time waveforms, the maximum flux density in steel regions, minimum field intensity in PM regions, and the core loss in the stator teeth and back iron are found using a combined modified Steinmetz equation (MSE)/eddy current loss model [14] . Neglecting the MMF drops in the machine back iron might cause the optimization algorithm to choose the back iron regions to be slightly thicker than with another magnetic approach. However, as will be seen in Section V, the loss in the model accuracy due to ignoring the back iron MMF drops does not seem problematic. Further, the same approach is used in both competing machine strategies.
C. Flux Linkage, Torque, and Voltage
The calculation of the q-and d-axis flux linkages are used to find the electromagnetic torque and peak line-to-line voltage as described below.
In a nominal SM-PMSM, the qd flux linkage equation can be expressed as A method to calculate the leakage inductance has been presented in [14] . From the same reference, using the stator continuous winding function, and the flux density at the stator tooth, the magnetizing flux linkages may be readily computed as
where N s1 is the fundamental amplitude of the conductor density and l is the stack length of the machine.
The electromagnetic torque in terms of the qd flux linkages and currents for a three phase machine is given by 
Using (21), (22), and calculating the leakage inductance as described in [14] , the electromagnetic torque can be calculated using (23).
Another important quantity is the peak line-to-line voltage. In steady state, the voltage equation may be expressed as 
where R s is the resistance of a winding. The peak line-to-line voltage can be expressed as
This concludes the machine analysis. The next section discusses the formulation of a multi-objective optimization that will be used to design an AS-PMSM for a CPSR application.
III. AS-PMSM MULTI-OBJECTIVE OPTIMIZATION
In this section, the multi-objective optimization of the AS-PMSM is formulated. A total of 19 + 2N op parameters are included in the design space, where N op is the number of operating points considered in the design. These parameters are summarized in the parameter vector θ defined as 
Parameters s t , r t , c t and m t are material type integers that map into different types of stator, rotor, conductor and magnet materials, respectively. A mapping is created between these parameters and a library that contains the physical properties of different materials. Parameter P p is the number of pole pairs, d tb and d sb are the depth of stator tooth and stator back iron, respectively, and α t is a fraction that controls the span of the stator teeth. Parameter N * s1 is the target amplitude of the fundamental conductor density component, and α * 3 is a target ratio between the third harmonic conductor density component and the fundamental component. These are slightly different than actual values due to rounding error. A pair of qd currents is assigned for each operating point. Table I displays the design parameter (GA genes) and the minimum and maximum range for each parameter. Each gene is mapped to range between 0 and 1 either linearly, integer valued, or logarithmically. Genes with linear mapping are the d-axis current and all the α fractions, genes that are integer mapped are s t , r t , c t , m t and P p , while the remaining genes are logarithmically mapped.
The design process applies a number of geometrical, electrical, mechanical, and magnetic constraints. These constraints are enforced using the less than, 'ltn(x,y)' and greater than, 'gtn(x,y)' functions defined in [14] . Both functions return a value of 1 if 9 satisfied (x < y and x > y, respectively) and a value that approaches zero as they move away from being satisfied. The first constraint checks the stator tooth depth over width ratio, to ensure that overly narrow teeth are avoided. Thus, the constraint applied is
where α tar is the tooth aspect ratio. To facilitate the winding process, the conductor diameter multiplied by the slot opening factor α so , is constrained to be less than the width of the slot opening w so ,
A maximum limit is imposed on the electromagnetic mass of the machine. The electromagnetic mass includes the mass of the stator and rotor laminations, permanent magnet, and three phase windings. This is expressed as
Under zero excitation, magnetic constraints are applied to ensure that magnetic saturation does not occur at specific locations in the machine and to make sure that permanent magnet demagnetization does not occur. These constraints are expressed as 
The extra subscript 'nc' in (30)-(34) indicates flux density and field intensity values under no current conditions. Therein, B t1m x,nc B b1m x,nc , B rbtm x,nc , B rbrm x,nc are the maximum flux density at the stator teeth, stator back iron, rotor tangential back iron and rotor radial back iron over one electrical cycle, respectively. In (34), H m n,nc is the minimum permanent magnet field intensity and H lim is the minimum permanent magnet field intensity limit allowed to avoid demagnetization.
In (30)-(33), B x,lim 1 and B x,lim 2 , where x stands for either s or r, are flux density limits. The reason that two limits are used is so that a more conservative limit is used in regions wherein the MMF drop in the steel is neglected and a less conservative limit is used where it is included.
Next a set of constraints are applied for every operating point. Using the index o to designate operating point, the maximum current density is limited with the constraint
where I s,o is the rms current at the oth operating point, a c is the cross sectional area of the conductor and J lim is the maximum allowed current density. Note that the current density limit is in lieu of a winding temperature limit; if a thermal analysis were conducted the peak winding temperature could be limited as a (better) alternative. Because of the voltage limitation imposed by the inverter, the voltage constraint
is applied. In ( 
With core loss considered, the output torque needs to be adjusted. The corrected torque is thus given by
where P c,o is the core loss calculated using the MSE, with eddy current loss included, as described in Chapter 6 of [14] . The next constraint ensures that the corrected torque is equal to or greater than the target torque
Finally, the last constraint is on the maximum power loss allowed at each operating point. Five loss components are considered: dc conduction loss P r , core loss P c , semiconductor conduction loss P s , skin effect ac loss P ack and proximity effect ac loss P acp . Expressions for these loss components are summarized in [14] . The total loss is given as
The constraint is expressed as
The two objectives considered in this optimization are minimizing electromagnetic material cost and minimizing the weighted power loss of all operating points. The total component cost is the sum of the cost of the following components: stator laminations, rotor laminations, permanent magnet and three phase stator windings. Knowing the mass of each component, the total component cost, K, is given by 
where P l is row vector of total loss at each operating point and w is a row vector whose elements sum to 1 and which describes the relative weighting of operating points in the aggregate loss calculation. Superscript T denotes vector transpose operation. The fitness function is evaluated as follows. Defining C S , C I and N C as the number of constraints satisfied, the number of constraints evaluated, and the total number of constraints, the fitness function is defined as
The fitness function in (48) is designed to be maximized. The variable ε is a small number (e.g.: 10 -10 ) included so that designs that do not pass all constraints have small (in magnitude) negative fitness values. As more constraints become met, the elements in the fitness vector increase, but do not become positive until all constraints are met. If all constraints are met, elements of the fitness vector are assigned based on the reciprocals of machine cost and loss, as the optimization engine is set to maximize its objectives.
To increase the computational efficiency of the fitness evaluation, after a predetermined number of constraint evaluations, the algorithm checks if any constraint was not satisfied. If a constraint is not satisfied, the fitness function is evaluated based on the number of constraints imposed up to that point, as shown in the first row on the RHS of (48). An extended discussion of the construction of fitness functions is set forth in [14] .
IV. AS-PMSM DESIGN STUDY
This section presents the design specifications of a 1.86 kW (2.5 hp) motor with a maximum torque of around 18 Nm, maximum speed of 5000 rpm and a CPSR of 5:1. Three operating points in this range are modeled, 1000, 2236 and 5000 rpm as shown in Fig. 5 . The total loss per operating point is weighted equally, with the weighting vector defined as w = [33.3% 33.4% 33.3%].
The design specifications are as follows. The motor is assumed to be connected to a power supply supplying a constant 400 V and the motor's number of slots/pole/phase n spp is fixed at 2. The conductor's packing factor k pf is set at 0.5, the winding axial offset l eo is set at 1 cm and the shaft radius r sh is set at 2 cm. The semiconductor forward voltage drop v f s is assumed to be constant and equal to 2 V. The rotor tooth is assumed to operate in the linear region with a magnetic susceptibility χ rt fixed at 7000. This assumption is reasonable due to the constraint imposed on the rotor back iron flux density. Upper limits of M em m x = 14 kg and P lm x = 500 W are imposed on the machine mass and total loss per operating point. The stator tooth aspect ratio, α tar , and slot opening, α so , are set at 10 and 1.5 respectively. The type of steel used for the rotor and stator laminations is M19 with a mass density equal to 7402 kg/m 3 , cost density equal to 3.5 $/kg, B x,lim 1 and B x,lim 2 equal to 1.39 T and 1.44 T, which corresponds to the M19 flux density at absolute permeability of 1000 and 100, respectively. The conductor material is copper with a mass density, cost density, electric conductivity and current density limit equal to 8890 kg/m 3 , 11.2 $/kg, 59.6 MS/m, and 7.6 MA/m 2 , respectively. The library of permanent magnet materials considered in this study is listed in Table II . Different properties of each material such as mass density and cost density are listed therein. The description of each property can be found in the reference [14] or recognized from its units. The coercivity limit is set at 75% of magnet intrinsic coercivity.
V. DESIGN RESULTS AND VERIFICATION
The multi-objective design study was initiated using a MATLAB-based GA [16] optimization code. The GA population and generation size are both equal to 3000. A similar optimization study of an SM-PMSM motor with the same design specifications was also performed for comparison purposes. The optimization normalized gene distribution at the last generation for the AS-PMSM design study is shown in Fig. 6 . The x-axis denotes the design parameter number, ordered as shown in θ, (26). The design parameters are normalized between 0 and 1. Within a population and for every parameter (gene), individuals of higher cost are placed on the left side of the column while individuals with lower cost are placed to the right of the column.
Parameters 1-3 control the type of steel and conductor material used in the machine, and as was discussed before were set to M19 and copper, which is achieved by fixing these parameters. Parameter 4, which controls the type of permanent magnet material, is tightly clustered around a normalized value of 0.84, which maps into Ferrite AC-12 permanent magnet. A few designs have a normalized value of around 0.33, which corresponds to SmCo R20 magnet.
Parameter 5 in both figures represents the number of pole pairs. Almost all SM-PMSM designs use the maximum allowed number of pole pairs, equal to 6. This is advantageous from a cost perspective since less magnet volume is needed as the number of magnetic poles increases. However, a number of designs have pole pair values equal to 4 and 5. Inspecting parameter 7, the rotor back iron thickness, these designs use a thicker rotor back iron which indicates that a relatively high peak flux density exists, and requires reducing the number of magnetic poles. These design variations are also correlated with Parameter 8, the magnet depth.
Parameters 9 and 18 are the air gaps g and g * rt , respectively. Both appear to be driven to their lower allowed limits. Since ferrite permanent magnet with low B r is used, having a small air gap is much needed to achieve an effective and efficient transfer of flux between the rotor and stator.
Observe parameters 10 and 12, the depth of tooth base and depth of stator back iron, both decrease with improving (decreasing) cost. The remaining parameters are relatively fixed and tightly clustered, except for parameter 16, the 3 rd harmonic coefficient of the conductor density, whose loose clustering suggests that performance is not tightly correlated with this parameter. Observe parameter 25, the rotor tooth taper fraction, is almost close to 1 for the majority of designs.
The Pareto-optimal front showing the tradeoff between cost and weighted loss is shown in Fig. 7 . Each point therein represents a complete AS-PMSM (red x) or SM-PMSM (blue o) design that satisfies the design specifications and constraints imposed. As can be seen, the AS-PMSM Pareto-front outperforms the SM-PMSM Pareto-front. For a given weighted loss, a cost saving of around 18% is achieved using the AS-PMSM design.
A sample SM-PMSM and AS-PMSM from the Paretooptimal front, both with a weighted loss of 168 W are shown in Fig. 8 . The electromagnetic component cost of the SM-PMSM and AS-PMSM is $57.6 and $46.0, respectively. Since one of the objectives of the optimization is to minimize the electromagnetic component cost, both machines are equipped with inexpensive ferrite magnets. Note that because of the increased diameter of the SM-PMSM (24.4 cm versus 21 cm) and the increased stack length (6.9 cm versus 5.4 cm), the total cost of the SM-PMSM components is greater by almost $10, even though less magnet mass is used in the SM-PMSM (0.33 kg versus 0.45 kg). Table III lists the value of the design parameters and several other properties such as the radius to the outer stator shell r ss , conductor diameter d c , and the a-phase conductor pattern across the first pole. The air gap between the stator teeth and the rotor, and the stator teeth and magnet is equal for this machine, chosen at the lowest allowed minimum of 0.5 mm. In other words, the rotor tooth depth was set equal to the magnet depth. It is noted that the rotor tooth tapering feature was not utilized in this machine. Table IV lists the percentage cost and mass of the stator and rotor steel laminations, windings, and magnets. The cost of the three phase distributed windings accounted for more than half of the total cost for this machine.
The machine performance as a function of the operating point is shown in Table V . One interesting observation is the low ac losses, in particular proximity and skin effect loss. This results from the small cross sectional area of the copper conductors used to create the three phase windings. It is also noticed that the maximum magnitude injection of d-axis current occurs at the lowest speed. In [11] it was shown that for a PMSM with a shifted magnet axis relative to the reluctance axis, which is the case in the AS-PMSM, the machine torque is composed of three components; magnet torque, saliency torque and an asymmetry torque, which is present as a result of a coupling inductance between the q and d-axes. To reduce the dependency on the permanent magnet needed to produce the target torque for a given rms current, saliency and asymmetry torque are The electromagnetic torque predicted by the FEA model at each of the three operating points is shown versus rotor position in Fig. 9 . The rotor was rotated over a span of two stator teeth and slots, equal to 10 mechanical degrees for the selected machine. The average FEA and design model torque is listed in Table VI . Because core loss is not modeled in the FEA model, Table VI compares the analytical model torque calculated before core loss correction, T e . As can be seen, an acceptable agreement in results between the two models is obtained.
It can be shown that the field energy predicted by the lumped parameter AS-PMSM model, with the permanent magnet deenergized, can be expressed in terms of the lumped model parameter inductances as 
where L, L dd , and L qd are the machine inductances as defined in [11] . Three tests with (i The design model inductances were found by applying similar qd current excitation to calculate the flux linkages in (21) and then solving the equation for the inductances. The FEA model inductances as a function of rotor position are shown in Fig. 10 . Table VII compares the inductances calculated by the design model to the averages calculated by the FEA. A zero current test was applied to both the analytical and FEA AS-PMSM models to calculate the flux linkages due to the permanent magnet along the q-and d-axis. The rotor in the FEA model was rotated over one pole pitch and the flux flowing in the stator teeth belonging to one magnetic pole was calculated (for this machine, these were stator teeth 1 to (S s /P = 72/12 = 6)). The flux in each tooth was utilized to calculate the abc flux linkages, which were then transformed into qd axes using the reference frame transformation in [14] . The result is shown Table VIII. The design model qd flux linkages were calculated from (21) with currents set to zero.
As seen in the table, a negative q-axis flux linkage is found in the FEA model, which shows that the magnet flux is not completely centered on d-axis. One cause for this may be the flux leakage that exists between the permanent magnet and the rotor tooth, which was not taken into account in the design model.
VI. CONCLUSION
This work introduced a structural modification to the SM-PMSM which resulted in an asymmetric design referred to as AS-PMSM. The AS-PMSM was studied by constructing a multi-objective optimization design methodology. The optimization objectives are minimizing the weighted total machine loss and the material cost. The Pareto-optimal front of the AS-PMSM optimization study was compared to the Pareto-optimal front of an SM-PMSM design under the same design specifications. It was found that the AS-PMSM provides a cost reduction of up to 18% for a given weighted machine loss. The AS-PMSM analytical model was validated using a non-linear 3-D FEA.
The AS-PMSM is suitable for applications in which torque is required in a single direction, such as wind energy generation for example. In applications were the machine is expected to produce torque in either direction, an asymmetrical design is not expected to be advantageous.
Suggested improvements to the design model include incorporating the effects of flux leakage between the rotor tooth and the permanent magnet, incorporating thermal and mechanical analyses, and including slotting effects and their effects on core and magnet loss.
